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The 3D structures or dynamic feature of fully hydrated membrane proteins are very important at ambient temperature, in relation to
understanding their biological activities, although their data, especially from the flexible portions such as surface regions, are unavailable from X-
ray diffraction or cryoelectron microscope at low temperature. In contrast, high-resolution solid-state NMR spectroscopy has proved to be a very
convenient alternative means to be able to reveal their dynamic structures. To clarify this problem, we describe here how we are able to reveal such
structures and dynamic features, based on intrinsic probes from high-resolution solid-state NMR studies on bacteriorhodopsin (bR) as a typical
membrane protein in 2D crystal, regenerated preparation in lipid bilayer and detergents. It turned out that their dynamic features are substantially
altered upon their environments where bR is present. We further review NMR applications to study structure and dynamics of a variety of
membrane proteins, including sensory rhodopsin, rhodopsin, photoreaction centers, diacylglycerol kinases, etc.
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Structural studies of membrane proteins, constituting an
estimated 30% of all proteins, have beenmostly left aside in spite
of their crucial biological importance, because revealing 3D
structures of membrane proteins by X-ray crystallography or
multidimensional NMR spectroscopy has been hampered by
extreme difficulty in crystallization and too large molecular
mass, respectively. Naturally, solid-state NMR approach mainly
utilizing 13C- or 15N-labeled proteins has been successfully
utilized as an alternative means, in order to increase sensitivity
and selectivity of signals from the site of interest [1–6], as far as
frequencies of any possible molecular motions do not seriously
interfere with those of proton decoupling or magic angle
spinning essential for averaging dipolar interactions or chemical
shift anisotropies, respectively [7,8]. Indeed, fully hydrated
membrane proteins are far from rigid body at ambient temper-
ature, in spite of pictures obtained by X-ray diffraction studies,
as demonstrated by extensive studies on bacteriorhodopsin (bR)
as a typical membrane protein from the purple membrane (PM)
ofHalobacterium salinarum [9–11]: bR in 2D crystal undergoes
several types of motions depending upon the site of interest, fast
(N108 Hz), intermediate (104 to 105 Hz) or slow (102 Hz)
motions as manifested from selectively suppressed 13C NMR
signals from amino acid selective 13C-labeld preparations. The
fast motions are ascribed to the N- and C-terminal portions
undergoing isotropic motions which are suppressed by unsuc-
cessful cross polarization due to time-averaged dipolar interac-
tions. The second intermediate motions for the loops and
transmembrane α-helices result in failure of attempted peak
narrowing by interference of motional frequency with frequency
of proton decoupling or magic angle spinning, leading to com-
pletely or partially suppressed peaks from areas under
consideration [5,6,12–14]. The last slow motions arise from
the transmembrane α-helices which undergo exchange process
with a rate constant of 102 s−1 among several conformations
slightly different from each other [15].
In the presence of such low-frequency motions, spectral
resolution of 13C NMR spectra of membrane proteins could be
substantially deteriorated, especially when they are densely
13C-labeled as in [1,2,3-13C]Ala-bR [16] or uniformly [13C-,
15N]-labeled as in LH2-light-harvesting complex [17]: very
broad featureless signals were dominant in the former due to the
accelerated transverse relaxation rate caused by the increased
number of relaxation pathways through a number of 13C–13Chomo-nuclear dipolar interactions and scalar J couplings [16],
while only about 40% of 13C NMR signals from the trans-
membrane segments were detected in the latter [17]. The
assignment of peaks to globular proteins, on the other hand, was
nearly completed for residues 7–61 of a uniformly labeled
globular protein such as α-spectrin SH3 domain in the solid,
although the signals of the N- and C-terminal residues 1–6 and
62 were not detected [18]. This sort of inconvenience due to
suppressed peaks, however, could be effectively removed when
pathways of direct 13C–13C interactions are absent by use of a
single source of 13C labeled amino acid residue or partial 13C
labeling to prepare 13C-labeled proteins [12,19]. It is also very
important to clarify under what condition well-resolved solid-
state 13C NMR spectra are available without suppressed peaks
due to such motions, even if they are essential for membrane
proteins in maintaining various activities of cells [20].
It is demonstrated here that bR (see Fig. 1 for the primary
structure, by taking into account of the secondary structure as
revealed by X-ray diffraction) can be utilized as an excellent
model to gain insight into real image of membrane proteins
which may vary with a manner of preparations, 2D crystal,
distorted 2D crystal, regenerated preparation in lipid bilayer, or
in detergent, as revealed by 13C NMR [5,6,12–14]. Studies on
such systems were made possible, because bR is readily avail-
able in bulk from bacterial sources such as Halobacteria or
Escherichia coli and considered as a prototype for a variety of G-
protein-coupled receptors (GPCRs) involved in signal transduc-
tion. Therefore, we are concerned with fully hydrated membrane
proteins (with excess water) such as centrifuged pellet
(40,000×g for 1 h) or fully hydrated lipid bilayer in the presence
of excess water, both of which corresponds with intact
biomembrane systems.
2. Intrinsic probes for conformation and dynamics analyses
2.1. Site-directed assignment of peaks
Well-resolved eleven 13C NMR signals of [3-13C]Ala-labeled
bR were observed for fully hydrated pellet samples of purple
membrane (PM), although their spectral features differ substan-
tially between the 13C cross polarization-magic angle (CP-MAS)
and single-pulse, dipolar decoupled-magic angle spinning (DD-
MAS) NMR spectra [21]. It is notable that the 13C CP-MAS
NMR signals of [3-13C]Ala-bR from the flexible regions such as
N- or C-terminal residues anchored at the membrane surface
Fig. 1. Schematic representation of the primary structure of bR by taking into account of the secondary structure [transmembrane α-helices (A–G) in the boxed
column] revealed by X-ray diffraction studies. Cytoplasmic α-helix identified by the solid-state NMR, protruding from the membrane surface, is indicated by the
column G′. Ala (circled) or Val (boxed) residues labeled by either [3-13C]alanine, [1-13C]valine, or both are indicated.
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residual dipolar interactions due to isotropic rapid motions [22].
In contrast, the 13C NMR signals are fully visible by the DD-
MAS experiment from the whole area of the membrane protein
because of shorter spin–lattice relaxation times (∼0.5 s) as
compared with the repetition time (4 s). Therefore, the gray
peaks in the DD-MAS NMR (Fig. 2A) can be unambiguously
ascribed to the peaks from such flexible portions and the rest
peaks are identical to those of the CP-MAS NMR. This assign-
ment of peaks is consistent with the spectral change caused by
cleavage of the C-terminal residues by proteolytic enzymes such
as papain and carboxylpeptidase A [23]. Such 13C NMR peaks
from flexible portion, however, were still missing even if
lyophilized samples were used instead of intact preparations,
even if they are rehydrated up to 100% later because of
insufficient manner of hydration [24].
Site-directed assignment of peaks can be straightforward by
comparing the 13C NMR signals of wild-type protein with those
of a mutant in which a labeled amino acid residue of interest is
replaced by other type of amino acid residue [21]. For instance,
the 13C NMR peaks for Ala 196 (F-G loop) and 126 (at the
corner of helix D) of [3-13C]Ala-labeled bR were unambigu-
ously assigned to the peaks whose peak intensities were signifi-
cantly reduced in the site-directed mutants, A196G and A126G,
respectively [21]. This approach is still useful, even if an addi-
tional chemical shift dispersion due to an accompanied con-
formational change by a site-directed mutation is located nearthe membrane surfaces. Indeed, spectral editing using Mn2+-
induced spectral broadening turned out to be very effective to
remove the effect of such additional spectral modifications at
the surface areas, by taking into account that these signals were
broadened beyond recognition to the extent more than 100 Hz in
the area within 8.7 Å of Mn2+ ion bound to the surface residues
[25], based on accelerated paramagnetic relaxation rate [26,27].
This approach is not useful, however, if wild-type or mutant
proteins are subject to interference of fluctuation frequency with
frequencies of proton decoupling or magic angle spinning [7,8].
It turned out to be not easy, however, to extend this approach
to a variety of membrane proteins in which global conforma-
tional change occurs as in [3-13C]Ala-labeled D85N mutant of
bR in which the M-like state is achieved without photo-illumi-
nation at alkaline condition (pH∼10) [28,29], because almost
all 13C NMR peaks were displaced by taking the M-like photo-
intermediate state at alkaline pH without photo-illumination
(the abovementioned condition (1)). Very complicated spectral
patterns were also noted for A39V, A84G, A103C [30], A51G,
A53G, A81G, A84G, A184G, A215G.[25], A106G, A160G,
A160V, A228G [31].
Rotational echo double resonance (REDOR) filtered exper-
iment in solid-state NMR is a powerful method to observe
selectively a signal of a specific 13C–15N nuclear pair with
strong dipolar interaction by using 13C, 15N-doubly isotopic
labeling of a unique consecutive amino acid sequence in a
membrane protein [32]. This method is particularly useful to
Table 1
13C chemical shifts of polypeptides characteristic of α-helix and β-sheet forms
(ppm from TMS) a
Cα Cβ C_O
α-
Helix
β-
Sheet
Δ b α-
Helix
β-
Sheet
Δ b α-
Helix
β-
Sheet
Δ b
Ala 52.4 48.2 4.2 14.9 19.9 −5.0 176.4 171.8 4.6
Leu 55.7 50.5 5.2 39.5 43.3 −3.8 175.7 170.5 5.2
Glu (OBzl) 56.4 51.2 5.2 25.6 29.0 −3.4 175.6 171.0 4.6
Asp (OBzl) 53.4 49.2 4.2 33.8 38.1 −4.3 174.9 169.8 5.1
Val 65.5 58.4 7.1 28.7 32.4 −3.7 174.9 171.8 3.1
Ile 63.9 57.8 6.1 34.8 39.4 −4.6 174.9 172.7 2.2
Lys c 57.4 29.9 176.5
Lys (Z) 57.6 51.4 6.2 29.3 28.5 −0.8 175.7 170.4 5.3
Arg 57.1 28.9 175.2 169.0 6.2
Phe 61.3 53.2 8.1 35.0 39.3 −4.3 175.1 170.6 4.5
Met 57.2 52.2 5.0 30.2 34.8 −4.6 175.1 170.6 4.5
Gly 43.2 168.4
171.6 168.5 3.1
a Chemical shifts are referenced to neat TMS, initially referenced to the
carboxyl carbon of glycine at 176.03 ppm; taken from [6,34,35].
b Difference of the 13C chemical shift of the α-helix with respect to that of the
β-sheet form.
c Taken from the data obtained in aqueous solution.
Fig. 2. 13C DD-MAS (A) and CP-MAS NMR (B) spectra of [3-13C]Ala-labeled
bR from purple membrane. Peaks in gray from the C-terminus are preferentially
suppressed by the CP-MAS NMR, caused by a time-averaged 13C–1H dipolar
interaction in the presence of isotropic motions in the C-terminus [21]. Naturally,
the rest peaks in the DD-MAS are identical to those of the CP-MAS NMR,
except for the reduced peak intensities in the former.
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perturbation to induce any conformation in the membrane
protein among the heavily overlapped resonances. Actually,
REDOR filtered experiments were performed to selectively
observe 13C NMR signals of [1-13C]Tyr-, [15N]Pro-bR [33]. The
two Tyr185 signals at 177.7 and 173.4 ppm which can be
selected by a unique Tyr185-Pro186 pair were assigned to the
peaks due to all-trans and 13-cis and 15 syn configurations,
respectively.
2.2. Conformation-dependent 13C chemical shifts
13C chemical shifts of polypeptides with known secondary
structure recorded in the solid turned out to be a very useful
means to determine secondary structure of a given peptide unit
for a variety of proteins or peptides, free from any possible
ambiguity arising from their time averaging of chemical shifts,
in solution, arising from conformational fluctuations [34–37].
Indeed, the 13C chemical shifts of the backbone Cα and C=O
carbons, as well as those of the side-chain Cβ, of respective
amino acid residues in particular polypeptides are significantly
displaced up to 8 ppm, depending on their local conformations,
irrespective of there being neighboring residues [5,6,34–39]: the
Cα and C=O
13C shifts of theα-helix are displaced downfield by
3.5–8.0 ppm with respect to those of the β-sheet form, while theCβ shifts taking the α-helix are displaced upfield by 3.4–
5.2 ppm with respect to those of the β-sheet, as summarized in
Table 1. The transferability of these conformation-dependent
13C chemical shifts of particular residues from the model sys-
tems to a more complicate protein has been proven to be ex-
cellent and can be utilized as a diagnostic means to distinguish
their local conformations, as far as they are rigid enough as in
silk fibroin [40,41], collagen [42–44] and transmembrane
peptides in the solid [45]. Naturally, it should be taken into
account that the chemical shift data with respect to a common
reference peak must be compared for this purpose. The 13C
chemical shifts summarized in Table 1 were referenced to the
peak position of neat TMS in a sealed capillary, by replacement
method initially referenced to the carboxyl carbon of glycine
(176.03 ppm from neat TMS) or CH2 carbon of adamantane
(29.50 ppm for the high-field doublet from neat TMS). The
chemical shifts obtained by other reference systems [46,47],
including DSS as additional reference, should be compared with
the data in Table 1 after subtracting or adding the correction
factor shown in the right column in Table 2.
Chemical shifts from solution NMR are also utilized as refe-
rence to the prediction of secondary structure for solid proteins
and peptides [48,49]. It should be cautioned, however, that use of
such data is not free from errors due to difference in the chemical
shift references between the solid and solution, including
correction of bulk susceptibility. As a result, there remains a
chemical shift difference between the solid and solution up to
1–2 ppm depending on which reference is used. 13C chemical
shifts of respective amino acid residues from globular proteins in
solution were further related with local conformations defined
by a set of the torsion angles of the peptide unit, ϕ and φ, as
revealed by X-ray diffraction [50]. It is, therefore, tempted to
extend this approach toward further refinement of the estimated
secondary structure of membrane proteins initially obtained by
Fig. 3. Schematic representation of the distinction of 13C chemical shifts
between the α-helix and loops for Ala Cβ (A) and Val C=O (B) carbons of bR.
The random coil peaks for both are located at the boundary between the 13C
NMR peaks of the α-helix and loops.
Table 2
Correction of 13C chemical shifts primarily referenced to glycine or adamatane
(italic) and then secondarily referenced to TMS or DSS (ppm)
Standard
reference
Primary reference (with referenced to the
respective standard reference)
Chemical-shift
correction a
Glycine
C_O
Adamantane
low field
Adamantane
high field
TMS neat 176.03 38.04 29.00 0
TMS neat 38.5 29.5 −0.5
TMS 1%CDCl3 37.8 28.8 +0.2
DSS solid 38.1 29.1 −0.1
5% D2O 40.4 31. 4 −2.4
1% D2O 40.6 31.5 −2.5
a Chemical shifts were calibrated by the peak position expressed by italic as
the primary reference. Chemical shift correction should be made to compare the
data based on different reference system each other, after adding or subtracting
“the chemical shift correction”.
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angles based on such databases from solution NMR. It is
cautioned, however, that the 13C chemical shifts of C=O and
Ala Cβ are not only varied with the abovementioned torsion
angles but also with the effect of slow fluctuation motion
[5,6,12–14,39], if any, and the manner of hydrogen bond
interactions [51,52], respectively.
Indeed, it should be noted that the 13C chemical shift
dispersions both in globular and membrane proteins are much
pronounced as compared with the reference data available from
the simple polypeptides [5,6,48,49]. Displacement of the Ala
Cβ
13C signals of the α-helix conformation to lower field due to
slow motions is recognized as the dynamics-dependent
displacement of 13C chemical shift, as will be discussed later.
In addition, we found that the theoretically calculated C=O 13C
chemical shifts as a function of the torsion angles were sub-
stantially altered when a hydrogen bond interaction was taken
into account for C=O 13C shielding constant of N-acetyl-N-
methyl-L-alanine amide as a model for (Ala)n [51]. For instance,
the C=O 13C chemical shift of [1-13C]Val213-bR was resonated
at the lowermost peak position, 177.0 ppm [52], as compared
with that of (Val)n taking the α-helix conformation in the solid
(174.9 ppm) [5,6]. It is notable that this residue is indeed
involved in formation of a very short hydrogen bond length
together with that of the bifurcated hydrogen bond network, as
revealed by X-ray diffraction.
Instead of the turned structures for globular proteins, the 13C
NMR signals of rather flexible loop regions can be distin-
guished from those of the α-helical regions by the characteristic
boundary peak to separate the loop and α-helical forms: they are
located either at the lower or higher field of the random coil
peak at the boundary of the α-helical form for Ala Cβ or Val,
Gly, Pro and Ala C=O peaks, respectively, as shown in Fig. 3.
The random coil peak of Ala Cβ peak at 16.88 ppm (referenced
to glycine COOH at 176.03 ppm from TMS) is located at the
lowermost boundary of the α-helix peak [5,6], while the C=O
13C peaks of Gly, Val, Ala, etc. are resonated at the highermost
boundary of the α-helix form close to random coil peak (at
171.7, 173.6, 174.4, and 175.2 ppm for Gly, Val, Pro, and Ala
residue, respectively) [5,6,16,52].2.3. Dynamics-dependent 13C chemical shifts
The 13C NMR peaks for the α-helices are widely spread
for membrane proteins, as compared with the data shown in
Table 1. A possibility of the αII-helix form in bR was initially
proposed by Krimm and Dwivedi [53] who claimed that the
majority of the transmembrane α-helices takes a tilted αII-type
conformation rather than the usual α-helix conformation (αI-
helix), based on the infrared spectral data of (Ala)n in HFIP
solution. However, no such tilted structure was available in the
later 3D structure revealed by cryoelectron microscope or X-ray
diffraction studies at lower temperatures [9–11]. An intrachain
hydrogen bond distance between residues i and i+4 in the
transmembrane peptide of bR turned out to be normal (4.5±0.1
Å for αI-helix), as viewed from the
13C–15N interatomic
distance of 15N–H (Ala18) … O=13C (Ala14) in A (6–42)
peptide measured by REDOR [54,55]. These findings are
consistent in that the α-helices involved in the transmembrane
moieties are of the normal αI-helix, as viewed from the
conformation-dependent 13C C=O chemical shift, in spite of
the predicted αII-helix form by
13C chemical shifts of [3-13C]
Ala residues [12–14].
Kimura et al. [45] showed that the Ala Cβ
13C chemical
shifts of a variety of [3-13C]Ala-labeled transmembrane
peptides of bR were displaced downfield by 0.3–1.2 ppm in
DMPC bilayer, depending upon their respective sites, to the
peak positions of αII-helices as compared with those taking αI-
helix in HFIP solution and solid, as summarized in Table 3. The
lowermost 13C NMR peak for Ala 160 of E (128–166) peptide
in DMPC bilayer (as large as 1.5 ppm at 16.9 ppm), however,
may be due to its location outside the bilayer by taking random
coil form. This kind of the downfield displacement of peaks
from the transmembrane helices is also in parallel with that
observed in purple membrane, as shown in Table 1. It is noted
that such downfield displacement of peaks is present only in an
environment of very flexible lipid bilayer and the extent differs
among the peptide sequence of the transmembrane peptides and
Table 3
Ala Cβ
13C chemical shifts of transmembrane peptides of bR in HFIP solution,
solid and DMPC bilayer (ppm from TMS)
Transmembrane
peptides
In HFIP
solution
(αI-helix)
Solid
(αI-helix)
In DMPC
bilayer
(αII-helix)
13C shift difference
between solid and
DMPC bilayer
Ala 14 A (6–42) 15.2 15.8 0.6
18 A (6–35) 14.7 15.0 15.7 0.7
39 B (36–71) 15.7 16.9 1.2
51 B (36–71) 15.0 15.4 16.2 0.8
53 B (36–71) 15.2 15.3 15.7 0.4
98 C (72–107) 14.7 15.3 15.6 0.3
114 D (102–131) 14.9 15.2 16.3 1.1
160 E (128–166) 14.6 15.4 16.9 a 1.5
a This peak is ascribed to random coil form, as a result of residue Ala 160 is
located outside the bilayer.
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bR in a more pronounced manner [45].
It seems, therefore, to be more reasonable to interpret
such downfield displacement of Ala Cβ peaks of α-helix form
(αII-helix) in terms of the dynamics-dependent displacement of
peaks [5,6,12–14,39], instead of the static picture initially
proposed by Krimm and Dwivedi [53]. This means that the Ala
Cβ signals as defined by the αII-helices could be ascribed to a
time-averaged conformation in which its torsion angles can be
deviated at ambient temperatures in membranes, caused by the
presence of a low-frequency motion associated with a local
anisotropic fluctuation [38]. Further, it was demonstrated that
all the αII-helical
13C chemical shifts of [3-13C]Ala-bR and
A160G mutant were displaced downfield when temperature
was raised from −10 to 40 °C, whereas the corresponding 13C
chemical shifts of the αI-helices were not [31]. It is noted that
such downfield shift was most prominent for the C-terminal α-
helix, even though this portion is not embedded in lipid bilayer
but is protruding from the membrane surface and is able to
undergo fluctuation motions with correlation times in the order
of 10−6 s [16]. It is interesting to note that this kind of the αII-
helix form is not present for α-helical polypeptides in HFIP or
aqueous solution in which fast overall fluctuation motions are
possible, instead of allowed anisotropic slow motions.
2.4. Dynamics-dependent suppressed peaks
It should be realized that 13C NMR signals are not always
fully visible for fully hydrated membrane proteins of centri-
fuged pellet of 2D crystal, depending upon the sites of interest
[28,30,31,56–58], a variety of labeled amino acid residues such
as [1-13C]Ala, Leu, Phe, Pro, etc. [16,39,58–61], and the
manner of sample preparations such as regenerated preparation
in lipid bilayer or disrupted 2D crystals [21,59,60], recorded by
both CP-MAS and DD-MAS NMR when fluctuation frequency
could be interfered with frequencies of proton decoupling or
magic angle spinning [7,8]: incoherent frequency of molecular
motions with correlation time in the order of 10−5 s, if any,
can interfere with coherent proton decoupling frequency (ca.
50 kHz), which results in failure of attempted peak narrowing
by high-power proton decoupling, leading to simultaneouslysuppressed 13C NMR signals recorded by both CP-MAS and
DD-MAS experiments. In a similar manner, incoherent fre-
quency of molecular motions with correlation times of 10−4 s, if
any, can interfere with coherent frequency of magic angle
spinning (ca. 4 kHz). Accordingly, one should always take into
account of a possibility whether or not several 13C NMR signals
from concerned 13C-labeled membrane proteins are missing
under the spectral conditions one used. One way to avoid such
interference from fluctuation motions, therefore, will be
recording spectra under modified fluctuation frequency recorded
at higher or lower temperature. Alternatively, use of much higher
proton decoupling or ultrafast magic angle spinning might be
helpful. In the latter, however, extreme care will be necessary to
prevent unavoidable heating of samples and also the effect of
possible dehydration caused by centrifugation effect.
Nevertheless, the observation of such suppressed peaks by
fluctuation motions for a variety of membrane proteins provides
one an invaluable means to evaluate the presence of slow or
intermediate millisecond or microsecond motions which play
essential role in their biological activities, provided that 13C
NMR spectral data of fully visible condition are available as a
reference. This is because it is very difficult to evaluate such
motions by other means, together with the measurements of a
variety of spin–lattice and spin–spin relaxation times. There-
fore, it is emphasized that 13C NMR measurement using 50-
kHz proton decoupling and 4 kHz MAS is very convenient
means to reveal motional frequency in the order of 105 or
104 Hz, respectively.
3. Fully hydrated membrane proteins
3.1. bR in 2D crystals, distorted 2D crystal, lipid bilayers
or detergents
bR from PM is packed to form the trimeric unit in the
presence of certain endogenous lipids, which is further assem-
bled into hexagonal lattice as a native 2D crystal [62], although
functional unit of photocycle in bR is monomer itself [63]. It is
demonstrated, however, that bR dynamics as viewed from the
13C spectral feature could be substantially altered by a choice of
a variety of 13C-labeled amino acid residues as probes
[16,57,64]. In particular, 13C NMR spectra were fully visible
from [3-13C]Ala-bR in 2D crystal [22], although several 13C
NMR signals could be suppressed from the surface areas when
[1-13C]Gly-, Ala-, Leu-, Phe- and Trp-labeled bR were
examined, owing to the presence of conformational fluctuations
with correlation time in the order of 10−4 s interfered with
frequency of magic angle spinning (4 kHz) (Fig. 4) [16,52,60].
This is related to a possible conformational fluctuation, in 2D
crystal, around the Cα–Cβ bond in the side chains of amino acid
residues as expressed by Cα–CβH2X system. Such conforma-
tional space allowed for fluctuation could be limited to a very
narrow area for Val or Ile residues with bulky side-chain at Cβ,
leading to limited χ1 rotation angle around the Cα–Cβ bond as
demonstrated by Cα–CβHYZ where Y and Z are CH3 and CH3
or CH2CH3, respectively [46]. This is the reason why the
13C
NMR signals are fully visible from [1-13C]Val- or Ile-labeled bR
Fig. 5. 13C CP-MAS NMR spectra of [3-13C]Ala-labeled (left traces) and [1-13C]Ala-
The 13C NMR peaks of the [3-13C]Ala-labeled transmembrane α-helices forW12L and
except for the peaks from the C-terminal α-helices protruding from the membrane s
mutants gave rise to appreciably reduced, featureless peaks, due to modified backbone
the order of 10−4 s, in the absence of specific lipid–protein interactions (right). It is a
helices at the surface are also preferentially suppressed due to the presence of backb
Fig. 4. Comparison of the dynamic state of bR between PM taking 2D crystalline
state andmonomeric form in lipid bilayer. Dynamic states of the transmembraneα-
helices, loops and C- or N-terminus can be expressed by their characteristic
correlation times as derived by the spin–lattice relaxation times, spin–spin
relaxation times under CP-MAS condition, dynamics-dependent suppressed
peaks, and chemical exchange among helices taking slightly different con-
formations (see text for the detail) [5]. The cytoplasmic surface structure (complex)
between the C-terminal α-helix G′ and C–D/E–F loops are schematically
indicated by the dotted lines. They are stabilized by formation of salt bridges and
metal-mediated linkages utilizingmono- or divalent cations (see text for the detail).
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types of [1-13C]amino acid labeled preparations.
Surprisingly, several Ala Cβ
13C NMR signals from the
surface areas (8.7 Å depth), including the lowermost peaks in the
loops (Ala 196,160 and 103) and the low-field region of the
transmembrane αII-helices (16–17 ppm) of intact bR from 2D
crystal (Fig. 2B), were almost completely or partially sup-
pressed, respectively, when 2D crystals were disrupted or
disorganized as in W80L and W12L mutants (Fig. 5 (left),
caused by the absence of specific lipid–helix interaction, leading
to modified lipid–helix and helix–helix interactions) [60],
bacterioopsin (in the absence of retinal) [30], or monomer in
regenerated lipid bilayers [59]. At the same time, the carbonyl
13C NMR signals from the transmembrane α-helices and loops
of monomeric bR were also almost completely suppressed
among preparations including [1-13C] Gly-, Ala-, Val-labeled
bR due to acquisition of fluctuation motions with correlation
times in the order of 10−4 s [52,59] (Fig. 5, right) (see also
Fig. 4). It is noted that the presence of such disrupted or dis-
organized 2D lattice was readily visualized by the increased
relative proportions of surrounding lipids [asterisked peak at
19.7 ppm in Fig. 5 (left)] per protein, together with the remaining
broadened Ala Cβ
13C NMR signals [60]. This is in contrast to
the protein dynamics of ordinary 2D crystalline lattice with the
correlation times in the order of 10−2 s: fluctuation motions (in
the order of 10−4 s) occur in the transmembrane α-helices
in the monomeric species in regenerated preparation in lipid
bilayer in the absence of hexagonal packing [22]. Undoubtedly,labeled (right traces) W12L (A) and (B) W80L mutants of (C) wild-type bR [60].
W80Lmutants are substantially broadened as compared with those of wild type,
urface (left). Further, 13C NMR signals of [1-13C]Ala-labeled W80L and W12L
dynamics as a result of modified helix–helix interaction with correlation times in
lso noted that the 13C NMR signals of the [1-13C]Ala-labeled transmembrane α-
one dynamics with correlation times in the order of 10−4 s.
3152 H. Saitô, A. Naito / Biochimica et Biophysica Acta 1768 (2007) 3145–3161formation of 2D lattice for bR is prerequisite to be able to record
fully visible 13C NMR signals. Indeed, bR from PM retains
strongly bound specific polar lipids from H. salinarum which is
essential for lattice formation, even if it is reconstituted in lipid
bilayers.As a result, it tends to form 2D lattice at low temperature
[52,59,65], although the 2D lattice thus formed is again disrupted
when temperatures were raised to ambient temperature. There-
fore, a search for suitable choice of lipid molecules which is able
to stabilize 2D crystal, together with use of appropriate amino
acid residues for 13C labeling, is a very important consideration
prior to initiating 13C NMR studies on membrane proteins.
So far we have discussed how 13CNMR signals of membrane
proteins are suppressed in the presence of fluctuation motions. It
is expected that such suppressed peaks could be recovered, if the
correlation time of backbone dynamics is shifted from 10−4 s to
10−5 s, for instance, as encountered for 13C NMR spectrum of
[1-13C]Ala-labeled D85N mutant of bR: this mutant undergoes
accelerated fluctuation motions in the absence of the negative
charge at Asp85 which is essential for a salt bridge to stabilize
retinal–protein interaction. Indeed, the peak intensities of the
two α-helical peaks, 175.9 and 176.5 ppm of [1-13C]Ala-labeled
D85N (solid line in Fig. 6), ascribable to Ala residues located at
the interfacial area, are substantially increased as compared with
those of wild type (dotted line in Fig. 6) recorded at ambient
temperature [39].
Recording NMR spectra of membrane proteins in detergents
is also a very important and attractive alternative approach,
instead of studying 2D crystal or regenerated preparation in lipid
bilayers. This is because detergents are usually used in all
necessary steps for handling membrane proteins, such as
solubilization, isolation, purification and regeneration in lipid
bilayers. Seigneuret et al. [66] showed that [1-13C]Phe-labeledFig. 6. An example of recovery of the suppressed 13C CP-MAS NMR spectra of [1-13
type bR (dotted trace) [39]. It is noted that the suppressed 13C NMR signals of [1
recovered for D85N in which correlation times of fluctuations are shifted to the ordbR yielded well-resolved 13C NMR at elevated temperature
(50 °C) only when bR was solubilized in DM (N-dodecylmalto-
side) micelle, although the effective molecular mass for bR
dissolved in Triton X-100 is too large to yield narrow 13C NMR
signals recorded by solution NMR. [3-13C]Ala-labeled bR
dissolved in micelles of DM, TN-101 and TX-100 yielded the
13C NMR spectral feature comparable to that of intact bR at
ambient temperature [67]. This finding implies that the trimeric
form is still preserved for bR dissolved in these detergents,
consistent with the data of the absorption maximum observed at
550 nm characteristic for intact bR structure, even though this
native structure is not preserved for bR solubilized in SDS
micelle as viewed from the corresponding data of NMR and
absorption maximum. 33% of 1H NMR signals, mostly loops
and terminus, were unambiguously assigned to 15N/13C- or
2H/15N/13C-labeled bR in DM at 323 K, utilizing heteronuclear
multidimensional NMR technique including TROSY-based
triple resonance experiments, although most signals from the
transmembrane α-helices are naturally missing by this solution
NMR study of the solubilized bR [68]. The estimated correlation
time of bR in the order of 10−4 s in Triton X-100 or OTG by
solution NMR data [67] is consistent with this result. Instead of
recording whole spectra, Patzelt et al. focused to examine
structures of the two form of the active center containing all-
trans or 13-cis, 15-syn retinal in dark-adapted bR by NOE
measurements including amino acid residues, Trp-Thr, Trp-
retinal or Thr-retinal [69]. The consequence of the deprotonation
of the Schiff base is change in charge distribution in M state that
could cause the stronger up-tilt of the C12–C15 region and the
changes around W182/T178.
Recently, it was demonstrated that such two configurations
of retinal on bR were very easily modified by fast magic angleC]Ala-labeled D85N mutant of bR (solid trance) as compared with that of wild-
-13C]Ala-labeled transmembrane α-helices of bR at 176.5 and 175.9 ppm are
er of 10−5 s due to the abovementioned modified helix–helix interactions.
3153H. Saitô, A. Naito / Biochimica et Biophysica Acta 1768 (2007) 3145–3161spinning up to 12-kHz rotation corresponding to the sample
pressure of 63 bar, as studied by 15N, 13C-labeled bR in 2D
crystal [33,70]. In fact, backbone conformations of Tyr185
located near retinal in bR were strongly perturbed by the retinal
configuration as disclosed from REDOR-filtered experiment:
the populations of the two conformations of bR, corresponding
to all-trans and 13-cis configuration of retinal, change to the all-
trans populated state for the light adapted state, while the 13-cis
populated state is dominant for the pressure-adapted state [33].
Clearly, the two protein conformations are actually present in
the dark-adapted state of bR, because the two Tyr185 signals are
noticed due to the two retinal configurations in the REDOR-
filtered experiment [33]. It is of interest to point out that the
change of retinal configuration can be performed by light
illumination to all-trans-rich state and pressure application to
13-cis, 15-syn-rich state. On the other hand, only a single peak
was observed for Tyr 26 and 64, because these Tyr residues are
located far from the retinal [70]. These experimental results
indicate that retinal isomerization will perturb locally the
protein conformations with retinal through hydrogen bond
networks. Microscopically, hydrogen bond network around
retinal would be disrupted or distorted by a constantly increased
pressure induced by fast MAS frequencies, which generated the
isomerization of retinal from all-trans to 13-cis state in bR [70].
3.2. Surface structure of bR in 2D crystal
Understanding the surface structure and dynamics of
membrane proteins at ambient temperature is very important
in view of their biological responses initiated at the cytoplasmic
or extracellular surfaces, although they cannot be clarified by X-
ray diffraction data due to lack of their interaction. The presence
of the C-terminal α-helix for bR (as helix G′ in Fig. 1) in the
cytoplasmic surface was already pointed out in 2.3 which was
characterized by the specific peak position at 15.91 ppm for
[3-13C]Ala-bR and also for the peak positions of Ala Cα and
C=O carbons [16]. It is noted that the tilted C-terminal α-helix
toward the direction of the B and F helices is held together by
the loops at the cytoplasmic surface to form the cytoplasmic
surface complex or surface structure, which are particularly
stabilized by formation of salt bridges and metal-mediated
linkages utilizing mono- or divalent cations, as schematically
illustrated by the dotted lines in Fig. 4. Such surface structures,
however, could be naturally altered either by site-directed
mutations at the C-terminal α-helix (R227Q) or at the loop
(A160G, E166G, and A168G), and by the manner of altered
cation binding, as viewed from the 13C chemical shifts of Ala
228 and 233 (C-terminal α-helix), Ala 103 (C–D loop), and Ala
160 (E–F loop) [56].
The formed surface structure facilitates efficient proton
uptake by preventing unnecessary fluctuations of the helices at
the site for proton uptake, because the cytoplasmic ends of the B
and F helices are found to undergo fluctuation motions in the
order of 10−5 s, when such a surface structure is disrupted at
low temperature, low pH or mutants [28,56]. Indeed, the C-
terminal α-helix in this case protrudes from the surface without
interactions with the cytoplasmic loops, at low temperatures orin an M-like state of D85N mutant at pH 10 [56]. This view is
consistent with the previously published data for the “proton
binding cluster” consisting of Asp 104, Glu 166 and Glu 224
[71–73]. Brown et al. [74] also showed that Arg 227 located at
the end of the helix G plays an important role through a cluster
of interacting residues to facilitate the proton transfer from the
cytoplasmic domain.
Several negatively charged amino acid residues, Glu or Asp
residues located at the cytoplasmic (CP) surfaces turns out to be
also involved as additional sites for the loosely bound divalent
cations, essential for stabilization of extracellular (EC) structure
and proton pump activity [75,76]. To clarify the contribution of
the EC Glu residues to conformation and dynamics of bR, 13C
NMR spectra of [3-13C]Ala- or [1-13C]Val-labeled bR mutants
in which extracellular Glu residues were replaced with Gln,
E9Q/E194Q/E204Q (3Glu) and E9Q/E74Q/E194Q/E204Q
(4Glu) were examined: the spectral lines of [3-13C]Ala-labeled
these mutants were significantly broadened owing to partially
failed proton decoupling interfering with the fluctuation fre-
quency in the order of 105 Hz [7] and the presence of disrupted
or disorganized trimeric structure [57].
The dynamics of bR and the lipid headgroups in oriented PMs
were examined at various temperatures and relative humidity
(rh) using solid-state NMR spectroscopy [77]. The 15NCP-MAS
peak intensities of [15N]Gly-bR from fully hydrated PMs were
suppressed at 293 K, as compared with those of dry membrane
but gradually recovered at low temperature or at lower hydration
(75%) levels. The suppressed NMR signals due to interference
with proton decoupling frequency (∼45 kHz) and short spin–
spin relaxation time (T2) indicates that the loops of bR have
motional components around this frequency. The motion of the
transmembrane α-helices in bR was largely affected by the
freezing of excess water at low temperature. While between 253
and 233 K, where a dynamic phase transition-like change was
observed in the 31P NMR spectra for the phosphate lipid head
groups, the molecular motion of the loops and the C- and N-
termini was slowed, suggesting lipid–loop interaction, although
protein–protein interaction between stacks cannot be excluded.
3.3. Sensory rhodopsin
Sensory rhodopsin I (sR I) and phoborhodopsin (pR or
sensory rhodopsin II, sR II) are photoreceptors of retinal proteins
from Halobacteria active as positive and negative phototaxis,
respectively [78]. These two photoreceptors are activated to
yield signaling for phototaxis, through their plausible confor-
mational changes, after receiving incoming light by tightly
complexed to their respective cognate transducers consisting of
two transmembrane helices (TM1 and TM2) of HtrI and HtrII,
respectively [79].
[3-13C]Ala-labeled pharaonis ppR, corresponding to pR
from Halobacteria with 50% homology in egg PC bilayer gave
rise to 13C NMR spectra characteristic of the monomeric state:
they are very similar to those of [3-13C]Ala-bR in lipid bilayer, in
which signals from the loops and part of the transmembrane αII-
helices are missing in spite of the three Ala residues present, as
viewed from the primary structure taking into account of the
Fig. 7. Schematic representation of the manner of interaction of the C-
terminal α-helical tip region in ppR (A) and D75N (B) with the transmembrane
and cytoplasmic α-helices of pHtrII (1–159) [82]. In the former, the 2:2
complex between ppR and pHtrII (1–159) is stabilized by the both types of
helix–helix interactions between the transmembrane helix G ( ppR) and TM1
( pHtrII) and the C-terminal α-helix ( ppR) and cytoplasmic α-helix ( pHtrII), as
shown by the elliptical gray [Fig. 6A]. In the case of a signaling state for D75N
mutant, mutual interaction between the two cytoplasmic α-helices could be
enhanced for D75N/pHtrII complex (as shown by elliptical gray) instead of the
abovementioned interactions, involving the C-terminal tip of the cytoplasmic
α-helix and the transmembrane α-helices (elliptical white), as schematically
demonstrated in Fig. 6B.
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preserved between ppR and bR [80]. In particular, the 13C
NMR peak of [3-13C]Ala-labeled ppR resonated at 15.9 ppm,
ascribable to Ala residues located at the cytoplasmic α-helix as
found previously for bR, is readily distinguished in the DD-
MAS NMR but is suppressed in the CP-MAS NMR. Distinct
dynamics change, however, is notable for ppR as a result of
complex formation with the truncated cognate transducer pHtrII
(1–159), as seen from the increased peak intensity of the
abovementioned C-terminal α-helix at 15.9 ppm by 13C CP-
MASNMR, together with the enhanced spectral resolution from
the signals of whole area of the transmembrane α-helices as a
result of conformational rearrangement [80]. This observation
was interpreted in terms of the resultant spectral change caused
by the increased “effective molecular mass” from the system of 7
transmembrane α-helices (ppR alone) to 18 transmembrane α-
helices of the complex [2×(7+2)] transmembrane α-helices as
2:2 complex results in a change of fluctuation frequency from
104–105 to104 Hz [13,80]. Therefore, mutual helix–helix
interactions among the extended TM1 and TM2 helices of
pHtrII (1–159) beyond the surface and the cytoplasmic α-helix
of ppR plays an important role for stabilization of the complex,
as schematically illustrated as elliptical gray portions where
mutual interactions were enhanced as shown in Fig. 7A [82].
Here, both types of the helix–helix interactions arising from the
helix G (ppR) and TM1 (pHtrII) and also the C-terminal α-helix
(ppR) and cytoplasmic α-helix (pHtrII) are illustrated for
stabilization of the complex as shown by the elliptical gray. It
is also noteworthy that 13C CP-MAS NMR spectrum of the
transmembrane α-helices from [1-13C]Val-labeled ppR in egg
PC bilayer is clearly visible, although the corresponding peaks
from the loops are also partly suppressed.
As discussed already in 3.2, a single mutation at the E–F loop
of [3-13C]Ala-bR (A160G and A160V) results in significantly
altered spectral pattern arising from the modified surface struc-
ture (complex) and dynamics of bR including the C-terminal
α-helix and the E–F loop. Taking into account of the well-
known structural homology between bR and ppR, Kawamura
et al. [81] examined a surface structure of wild-type ppR
including the C-terminalα-helix and the E–F loop, together with
its [3-13C]Ala-labeled A149S and A149V mutants, correspond-
ing to A160G and A160V mutants for bR. They showed that an
altered surface complex by mutation resulted in destabilized
complex as viewed from the 13C NMR spectrum of the surface
areas, probably because of modified conformation at the corner
of the helix E, in addition to the change of hydropathy. It is
therefore concluded that the surface complex of ppR, consisting
of the C-terminal α-helix and the E–F loops, is directly involved
in the stabilization of the complex through conformational
stability of the helix E. Further, they studied a possible local
dynamics changes of ppR and its D75N mutant as a prerequisite
activated signaling state as complexed with pHtrII, using 13C
NMR of [3-13C]Ala- and [1-13C]Val-labeled preparations [82].
They divided the C-terminal α-helical portion of ppR or D75N
into the two regions: more stable C-terminal stem and more
flexible tip portions. The local fluctuation frequency at the tip
portion (108 Hz) of the C-terminal α-helix, however, was appre-ciably decreased when ppR was bound to pHtrII (104–105 Hz),
while it was increased when D75N was bound (106 Hz). D75N
mimics the signaling state because of disrupted salt-bridge
prerequisite for the signal transfer, when it was bound to pHtrII.
At the same time, the fluctuation frequency of the cytoplasmic
portion of pHtrII is lowered when ppR is replaced by D75N in
the complex with pHtrII. This means that the C-terminal tip is
participates in binding with the linker region of pHtrII in the
dark, but this portion might be released at the signaling state
because of mutual association of the two transducers in the
cytoplasmic regions within the ppR/pHtrII complex, as sche-
matically demonstrated in Fig. 7B.
Etzkorn et al. [83] recorded a water-edited 13C, 13C spin
diffusion spectrum of uniformly labeled ppR regenerated in
lipid bilayer, with the exception of the four dominant residue
type valine, leucine, phenylalanine, and tyrosine, which occur
in natural abundance (U[13C, 15N| (V, L, F, Y)]ppR). They
recorded the spectra at high field (18.8T or 14.1T) with MAS
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was shown that the reverse labeling of four dominant residue
types (not labeled), which account for 34% of the entire amino
acid sequence, significantly improved spectral resolution.
Further, they selected signals of the mobile water protons by
utilizing a polarization transfer characteristics in the spectra
which are sensitive to the distance between a given nuclear spin
in the interior of the molecular complex and the surrounding
water environment. The assigned signals of 98 amino acid
residues were classified as mobile, rigid segments, not labeled,
and also water-edited residues. The chemical shift values were
first referenced to the upfield resonance of adamantane at
31.47 ppm (supporting information to [83] ) and chemical shift
correction of −2.5 ppm is needed to compare the data with those
of Table 1, if they are referenced to 1% DSS.
Yamaguchi et al. [84] examined 13C DD-MAS and CP-MAS
NMR spectra of [3-13C]Ala-labeled pHtrII (1–159) complexed
with ppR in egg PC bilayers. The intense, low-field αII-helical
13C DD-MAS NMR peaks of pHtrII (1–159) resonated at 16.6
and 16.3 ppm were ascribed to [3-13C]Ala residues located at
the coiled-coil portion protruding from the membrane surface,
in view of the conformation-dependent displacement of peaks
[5,6,34–36], together with their unique backbone dynamics by
which they are suppressed in the CP-MAS NMR. It is also
interesting to note that the low-field α-helical peaks of pHtrII
(1–159) are not always fully visible in the absence of ppR,
because the fluctuation frequency is close to the frequency of
the proton decoupling to result in suppressed peaks. The high-
field envelope peaks at 15.5 ppm were ascribed to [3-13C]Ala-
labeled residues in the transmembrane α-helices of pHtrII (1–
159). In contrast, the 13C NMR signals of [1-13C]Val-labeled
pHtrII (1–159) were visible in the absence of ppR but were
almost suppressed in the presence of ppR. This means that such
spectral change was interpreted in terms of induced dynamics
change caused by the presence of fluctuation motion with
frequency in the order of 104 Hz which could be interfered with
frequency of magic angle spinning, as encountered for
monomeric [1-13C]Val-labeled bR and ppR.
3.4. Rhodopsin
Bovine rhodopsin (Rho) is a typical GPCR active as a
mammalian photoreceptor protein of 40 kDa covalently linked
to 11-cis retinal through Lys 296. Absorption of a photon by the
11-cis retinal causes its isomerization to all-trans retinal, leading
to a conformational change of the protein moiety, including the
cytoplasmic surface. Its 3D structure of 2.8 Å has been resolved
by X-ray diffraction [85] and served as an important molecular
basis of understanding of vision as well as signal transductions
for a variety of GPCRs. 13C and 15N MAS NMR spectra were
recorded on regenerated bovine Rho by the addition of 11-cis
retinal to the apoprotein expressed by using suspension cultures
of HEK293S cells in defined media containing 6-15N-lysine and
2-13C glycine with yield of the protein 1.5–1.8mg/l, followed by
reconstitution into DOPC vesicles [86]. The 15N shift of Schiff
base resonated at 156.8 ppm corresponds to an effective Schiff
base counterion distance of greater than 4 Å, consistent withstructural water in the binding site hydrogen bonded with the
Schiff base nitrogen and the Glu 113 counterion. The recom-
binant baculovirus Sf9 cell line (ATTC CRL-1711) was used to
prepare 10 mg of [α,ε-15N]Lys-labeled Rho from two 5-l culture
batches and the protein was reconstituted into bovine retina
lipids [87]. The resulting effective Schiff base counterion
distance of greater than 4Å is consistent with structural water
in the binding site hydrogen bonded with Schiff base nitrogen
and Glu 113 counter ion.
13C DARR spectra of uniformly 13C labeled Rho were
recorded in order to establish its 13C–13C correlation in the
ground state [88]. In Rho containing [4′-13C]Tyr and [8,9-13C]
retinal, two distinct tyrosine-to-retinal correlations were ob-
served. The most intense cross peak arises from a correlation
between Tyr 268 and the retinal [19-13CH3]retinal, which are
4.8 Å apart in the Rho crystal structure. A second cross peak
arises from a correlation between Tyr 191 and the [19-13CH3]
retinal, which are 5.5 Å apart in the crystal structure. 13C DARR
spectra of uniformly 13C labeled Rho in metarhodopsin II (meta
II) intermediate, the active intermediate of Rho, were recorded
in order to determine how retinal isomerization is coupled to
receptor activation of GPCRs [89]. In view of the retinal
binding pocket in Rho from the crystalline structure, 13C labels
were incorporated into tyrosine, serine, glycine, and threonine
of the apoprotein opsin and Rho was regenerated with the
pigment 11-cis retinal that have been 13C-labeled at the C12,
C14, C15, C19 and C20 carbons. NMR measurements on both
Rho and the metarhodopsin II intermediate show how retinal
isomerization disrupts helix interactions that lock the receptor
off in the dark. The essential aspects of the isomerization
trajectory are large rotation of the C20 methyl group toward
extracellular loops 2 and a 4- to 5-Å translation of the retinal
chromophore toward transmembrane helix 5. 15N NMR spectra
of [u-13C, u-15N]Trp-labeled Rho were examined in order to
probe the changes in hydrogen bonding upon Rho activation
[90]: the NMR chemical shifts of 15N-labeled histidine show
that His211 is neutral; the unprotonated imidazole nitrogen is
not coordinated to zinc in Rho and becomes more strongly
hydrogen bonded in metarhodopsin II. Mapping of binding site
contacts in Rho and retinal was also examined by HETCOR
spectra, to resolve 1HGPCR (Rho)-
13Clig (uniformly
13C-labeled
ligand, 11-cis retinal) signals: Thr 118-C19, Phe 261-C4 and
Thr 265-C8 [91].
Chemical shifts to all five tryptophan backbone 15N nuclei
and partially to their bound protons of α,ε-15N labeled bovine
Rho were assigned, based on 13C, 15N-REDOR and HETCOR
experiments of all possible 13C′i−1 carbonyl/
15Ni-tryptophan
labeled amide pairs, and H/D exchange 1H,15N–HSQC ex-
periments conducted in solution [92]. It was claimed that the
integrated solution and solid-state NMR approach provides
highly complementary information. Light-induced structural
changes in Rho in detergent micelles were examined by means
of 19F signals of trifluoroethylthio (TET) [CF3-CH2-S]-labeled
cysteine mutants in the cytoplasmic face at amino acid positions
67, 140, 245, 248, 311 and 316 [93]. On illumination to form
Meta II, upfield changes in chemical shifts were observed for
19F labels at positions 67 and 140 and downfield changes for
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at positions 245 and 311. Further, 19F nuclear Overhauser
effects (NOEs) were measured to assess proximities between
fluorine labels specifically incorporated into different regions of
the cytoplasmic face in TET-labeled Rho in dodecylmaltoside.
In particular, moderate and strong negative 19F–19F NOE en-
hancements were observed for Cys-65–Cys-39 and Cys-139–
Cys-251 pairs, respectively, indicating proximity between these
sites.
Only a single sharp peak from the C-terminal sequence was
observed among 11 lysines of [α-15N]-labeled Rho in dodecyl
maltoside as recorded by conventional and TROSY-type HSQC
experiments [94]. This failure to record 15N signals from 10
lysines, including 8 in cyotoplasmic loops, is ascribed to the
presence of microsecond to millisecond motions in the back-
bones [95]. In a similar manner, differential dynamic properties
of side-chain versus backbone atoms were examined for
[α,ε-15N] tryptophan-labeled Rho: large backbone motions
were found in the inactive dark state, while indole side-chain
15N groups of tryptophan exhibit restriction to a single specific
conformation [96].
3.5. Photosynthetic antennae and photoreaction centers
The photosynthetic reaction centers (RCs) from Rhodobac-
ter sphaeroides is a transmembrane protein complex consisting
of three polypeptide chains (L, M and H) and nine cofactors
(two bacteriochlorophylls (BChl)2 forming the so-called special
pair (P), two accessory bacteriochlorophylls, two bacteriopheo-
phytins (PA and PB), two quinones (QA and QB), and one Fe
2+
ion arranged in an almost C2 symmetry [20]). Solid-state NMR
studies for RC from R. sphaeroides have been performed to
locate 13C NMR signals of [4′-13C]Tyr-enriched preparations
[97]. The LH2 complex is a peripheral photosynthetic antenna
pigment proteins utilized to absorb light and to transfer the
excited-state energy to the light-harvesting LH1 complex
surrounding the RC [20]. The crystal structure of the LH2 of
Rhodopseudomonas acidophilia [98] shows a ring structure of
nine identical units, each containing an α and a β polypeptide of
53 and 41, respectively, which both span the membrane once as
α-helices. The two polypeptides bind a total of three chloro-
phyll molecules and two carotenoids. The nine heterodimeric
units form a hollow cylinder with the α chains forming the inner
wall and the β chains the outer walls. Instead of whole complex,
Alia et al. [99] recorded 15N and 13C NMR spectra of one
protomer of [13C6,
15N3]-, [π-
15N]-, and [τ-15N]-histidine-
labeled LH2 complex solubilized in detergent at 225 K, to gain
insight into charged state of histidines and hydrogen bonding
status in this complex. Specific 15N labeling confirmed that it is
the τ-nitrogen of histidines which is ligated to Mg2+ ion of B50
BChl molecules. Heteronuclear 2D correlation spectra of
uniformly [13C, 15N] labeled LH2 complex were recorded at
frozen state of detergent solubilized preparation [17]. Instead,
narrowed peaks of the intrinsic transmembrane LH2 complex
were achieved by extensive and selective biosynthesis prepared
from [1,4-13C]succinic acid or [2,3-13C]succinic labeled media
and sequence-specific assignment of peak based on 2D dipolarcorrelation experiments [100]. Further, selective chemical shift
assignment of B800 and B850 bacteriochlorophylls (Bchl) in
uniformly [13C,15N]-labeled LH2 complexes was performed by
2D RFDR correlation spectroscopy [101]. Brief account of 13C
NMR studies on photosynthetic antennae and reaction centers
was recently summarized [102].
3.6. Other membrane proteins
E. coli diacylglycerol kinase (DGK) is a membrane-bound
enzyme to catalyze conversion of diacylglycerol and MgATP to
phosphatic acid and MgADP. It is believed to be assembled into
a trimer to be active as a catalytic unit, each consisting of three
transmembrane α-helices, together with the additional two am-
phiphilic α-helices located at the membrane surface [103,104].
Surprisingly, very broad featureless 13C CP-MAS NMR spectra
of [3-13C]Ala-labeled DGK in POPC bilayers (protein/lipid
ratio of 1:20) were observed at temperatures of liquid crystalline
phase, under which this enzyme exhibits activity, whereas their
spectral resolution was substantially improved at −10 °C taking
the gel phase lipid, just below the phase transition temperature
of POPC bilayers (−5 °C) [105]. 13C NMR signals of [1-13C]
Val-labeled DGK were almost completely suppressed at tem-
peratures adopting liquid crystalline phase either in POPC or
DPPC bilayers. Such a suppression of peaks is obviously caused
by interference of fluctuation frequency with frequency of
magic angle spinning and proton decoupling (104–105 Hz)
under physiological condition [105]. The fact that the enzymatic
activity is low under conditions where motion is restricted and
high when conformational fluctuation can occur suggests that
acquisition of low-frequency backbone motions, on the micro-
second to millisecond time scale, may facilitate the efficient
enzymatic activity of DGK.
Pleckstrin homology (PH) domain of phospholipase C-δ1
(PLC-δ1) as peripheral membrane proteins is not integrated
but bound to membrane surface and regulates the membrane
localization of PLC-δ1 [106] through its high affinity specific
interaction with phosphatidylinositol 4,5-bisphosphate (PIP2)
and D-myo-inositol 1,4,5-trisphosphate (IP3). Tuzi et al.
[107,108] examined 13C DD-MAS and CP-MAS NMR spectra
of [3-13C]Ala-labeled PH domain complexed with PIP2 in PC/
PIP2 bilayer with reference to the peak positions available from
the complex with IP3. They proposed that conformational
changes originate from a hydrophobic interaction between the
amphipathic α-helix located in the β5/β6 loop and the
hydrophilic layer of the membrane and contribute to the
membrane binding affinity, interdomain interactions and
intermolecular interactions of PLC-δ1. Uekama et al. [109]
showed that characteristic local conformations in the vicinity of
Ala88 and Ala112 induced by the hydrophobic interaction were
lost in the surface of the PC/PS/PIP2 vesicle, however. Thus,
they proposed that the structure and functional relationships
among PLCs and other peripheral membrane proteins that have
similar PH domain would be affected by the local lipid
composition of membranes.
So far, we have discussed high-resolution NMR studies on
membrane proteins in 2D crystals, lipid bilayer or detergents. It
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brane proteins in 3D crystal, even though 3D crystallization is
still extremely difficult. Bovine heart cytochrome c oxidase is a
transmembrane protein which catalyzes the reduction of O2 to
H2O, utilizing electrons obtained from reduced cytochrome c
[110] and its 3D structure at 2.8 Å resolution is currently avail-
able [111]. Tuzi et al. recorded the 13C CP-MASNMR spectra of
3D crystalline cytochrome c oxidase which is a membrane pro-
tein of 400 kDa containing 70 detergent molecules per protein
[112]. The observed 13C NMR signals gave rise to a spectral
resolution comparable to that of crystalline lysozyme. It is dif-
ficult, however, to assign those signals to individual residues,
unless otherwise specifically 13C-labeled proteins were used. It
is emphasized that the 13C NMR signals were not seriously
overlapped with the detergent signals, because the observed
peak intensity of the polar heads in detergent BL8SY, is only
about 10% of the anticipated values at 1-ms contact time, owing
to the presence of rapid tumbling motions in the crystal as
detected by the spin–lattice relaxation times.
Cytochrome bo3 oxidase is also a member of heme-copper
oxidase superfamily which includes the abovementioned
mitochondrial cytochrome c oxidase [113]. Its X-ray structure
is now available at 3.5 Å [114]. Frericks et al. [115] recorded
multidimensional NMR spectra at high field (17.6T) of dialyzed
pellet (approximately 25% protein, 5% lipids and 60% buffer)
of uniformly 13C,15N-labeled E. coli cytochrome bo3 oxidase
solubilized in n-dodecyl β-D-maltoside. They tried partial
assignment of peaks based on multidimensional spectra
including 2D 13C–13C, 15N–13C, 3D N[i]-C′[i−1]-CX[i−1],
13C–13C–13C correlation spectra. They claimed, for instance,
that resultant Ala Cα and Cβ chemical shifts in the range of
54.1–57.4 and 16.7–20.3 ppm were ascribed to α-helical
portions, although they are substantially deviated from the data
of (Ala)n summarized in Table 1. Again, the same precaution as
given in [83] is necessary to compare the chemical shift
database, although no explicit description as to the reference to
the chemical shifts was made. The problem arising from use of
solution NMR database, however, was already discussed in 2.2.
3.7. Membrane proteins in magnetically aligned system
We did not include so far many important solid-state NMR
works of mechanically oriented membrane proteins [3,116,117],
analyzed by PISEMA (polarization inversion spin exchange at
the magic angle) experiments [118–120] and PISA (polar index
slant angles) wheel [121,122] which generates patterns of
uniform helical structures and reflects their tilt and polarity in the
bilayers. It has been questioned whether PISAwheels would be
observed in membrane proteins, because it is very difficult to
predict such wheels from relatively low resolution of the mem-
brane protein structures and the high sensitivity of the wheels to
local structural variations [123]. Li et al. [124] observed 15N
PISEMA spectra of two (a 30-residue protein, KdpF, from My-
cobacterium tuberculosis and an 82-kDa protein of octameric
state Pv1861 from Mtb) of three proteins in mechanically
aligned lipid bilayers. They revealed that DAGK (the same
protein as DGK in 3.5) as the third protein has TM helicesdisplaying small tilt angles. For KdpF, the tilt of this helix
is characterized as 34±3°. Rv1861 has three putative TM
helices and a characteristic PISAwheel is observed indicating a
tilt of 37±3°. Therefore, PISEMA spectra show that helical
structure in membrane protein can have a very regular structure
resulting in resonance pattern known as PISAwheels.
Park et al. extended 15N PISEMA NMR approach to study
uniformly 15N-labeled and selectively [15N] Ile-labeled che-
mokine receptors as GPCRs, CXCR1, in magnetically aligned
bicelles [125]. They showed that nearly all residues are struc-
tured and immobilized along with the rest of the protein in the
phospholipid bilayers. In particular, more than half of the Ile
residues are in transmembrane helices with the others in inter-
helical loop or terminal regions. It was not possible to determine
helix tilt or polarity by inspection because signals from PISA
wheel are from residues in six different helices. Resonances
from residues in loop and terminal regions that are likely to have
irregular structure have chemical shift in the 100–140 ppm
range.
It is worthwhile to point out that use of magnetically oriented
vesicle system (MOVS) such as DMPC–melittin or –dynorphin
bilayers provides an excellent means to able to study oriented
membrane proteins under fully hydrated condition [126–128].
It is also possible to examine NMR behavior of surface portions
protruding from the membrane surface in more detail.
4. Concluding remarks
We have demonstrated here how conformation and dynamics
of fully hydrated membrane proteins, with emphasis on bR as a
typical membrane protein as well as a prototype of GPCRs, can
be revealed by site-directed NMR based on selective isotope
labeling (conducted at moderate field strength of 9.4 T with
spinning rate of ca. 4 kHz), with reference to the conformation-
dependent 13C chemical shifts and dynamics-dependent
suppressed peaks, respectively. It should be taken into account
that fully hydrated membrane proteins as centrifuged pellets are
naturally not always rigid in spite of 2D or 3D crystalline
samples. Indeed, they consist of a variety of flexible portions,
undergoing fluctuation motions with the correlation times from
10−4 to 10−9 s. Therefore, it is essential to record both CP-MAS
and DD-MAS NMR spectra to cover 13C signals from the whole
areas of membrane proteins, including the surface areas of the
transmembrane α-helices, loops and N- or C-termini.
It turned out that 13C NMR signals are almost fully visible as
far as one records 13C NMR spectra of bR from PM, labeled
with [3-13C]Ala, [1-13C]Val, or Ile. Otherwise, it should be
always borne in mind that 13C NMR spectra are not always fully
visible at ambient temperature: considerable proportions of
signals could be suppressed by failure of attempted peak nar-
rowing by interference of incoherent fluctuation frequency with
coherent frequencies of either proton decoupling or magic angle
spinning (104–105 Hz), depending upon the manner of sample
preparations (2D crystalline sample, disotorted or partially
disrupted 2D crystal, regenerated preparation in lipid bilayer),
types of amino acid residues for 13C labeling, site of interest,
etc. It is advised, therefore, to search the best condition to be
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search for special lipids for this purpose.
Nevertheless, it is demonstrated that this sort of peak
suppression provides one excellent means to detect the presence
of intermediate motions of millisecond or microsecond at
certain portions, which are not easy to determine by other
means. The use of such low spinning rate for MAS (∼4 kHz)
for this purpose is also essential to avoid unnecessary heating of
probe and prevent dehydration due to centrifugal effect. Further,
it is pointed out that care should be exercised as to use of
solution NMR data which could inherently contain various
sources of errors as discussed in 2.2 when they are applied to
solid-state NMR without any further refinement by a molecular
dynamics simulation.
Conformation and dynamics are obviously in conflict with
each other especially when membrane proteins are concerned,
even though both characteristics are essential aspects to describe
them at ambient temperature. It seems, therefore, to be very
important to compromise the dynamic aspect so far accumu-
lated by site-directed NMR approach with the forthcoming
multidimensional NMR approach to emphasize the conforma-
tional aspect. For this purpose, it is also very important to clarify
the dynamic aspect of bR at higher magnetic field, decoupling
and spinning frequency, etc.
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